An unusual abundance of Salmonella infections was studied in an island population of a wild marsupial, the quokka (Setonix brachyurus), which experiences starvation in summer associated with significant mortality. The frequency of infections was found to vary seasonally over most parts of the island, with high infection rates (70 to 100%) in summer and low infection rates (0 to 30%) in winter. In some samples, there was an average of as many as two isolations per animal, and up to five isolations were made from a single animal. By the end of summer, virtually all animals excreted Salmonella spp., with a median rate of excretion of approximately 3,000 Salmonella organisms per g of feces. The seasonal changes occurred over intervals of only weeks. The infections are believed to be associated with disruption of the digestive physiology of the animals caused by the poor quality of feed available in summer. This conclusion was supported by a quantitative study of the infections and by a field manipulation experiment which delayed the initiation of the infections as long as a food supplement was available. The proliferation of Salmonella spp. is discussed in terms of the ecology of the quokka and of the use of Salmonella spp. as indicators of environmental stress acting on the animals.
very heavily infected with Salmonella spp. on Rottnest Island (13) . In this first study, a surprising frequency of 100 isolations from 87 animals, with a total of 20 serotypes, was recorded. Rottnest Island is a small island near Perth, Western Australia. The island is a popular holiday resort, and there is extensive contact between the animals and people. The Salmonella infections have been found to pose a public health problem (13) .
The quokka is a small macropodid marsupial with a ruminantlike digestion and has been the subject of numerous studies (4) . It suffers a severe summer decline and possible death due to starvation each year.
The study reported here set out to document fully the extent of Salmonella proliferation in the Rottnest quokka, to elucidate factors promoting such an abundance of infections, and to relate the summer stresses acting on the animals to Salmonella spp. Such a detailed study of the ecological relationships of Salmonella spp. to a wild animal host has not been reported previously.
MATERIALS AND METHODS Sampling, isolation, and identification of Salmonella spp. Rectal swabs and fecal samples were used. The Salmonella spp. were isolated and identified by the scheme of Iveson (11, 12) , with enrichment in strontium selenite A and strontium chloride B broths, plating onto deoxycholate citrate and modified bismuth sulfite agars, and biochemical and serological identification to the serotype level. The use of this system has been studied in detail and reported previously (9) . Samples were divided into the two enrichment media, and each enrichment was subcultured three times, once onto deoxycholate citrate agar and twice onto modified bismuth sulfite agar. This procedure was found to give better than * Corresponding author. 80% recovery of the serotypes from samples containing many Salmonella organisms. Fecal samples were found to be more effective than rectal swabs in detecting isolations in which small numbers of organisms were involved. However, the use of fecal samples was not as convenient in the field because the animals had to be held in cages to obtain a sample, and it was difficult to obtain samples without contamination. For these reasons, duplicate rectal swabs were used in field surveys. Salmonella counts were made by a conventional dilution and enrichment technique by using strontium chloride B broth with three replicates of 10-fold dilutions. The results were expressed as the most probable number of Salmonella spp. For feces, 1 ml of a 10-g/100 ml dilution was used to begin each replicate, and for samples of stomach contents, 1 ml of undiluted stomach fluid was used.
In one study, animals were used for an intensive investigation of the site and timing of infections within the animals. The animals were killed with an overdose of pentobarbitone sodium and dissected immediately. Samples of stomach contents, feces, heart, lung, spleen, lymph nodes, and gallbladder were obtained by sterile dissection and tested for the presence of Salmonella spp.
Well-being of animals. The well-being of the animals was measured by a condition index (1) . The index is measured by deviations from a regression of the cube root of body weight against a convenient section of the tibia-calcaneum (called the short leg). The index is designed as an age-and size-independent measure of condition (as measured by body weight) and expressed on an arbitrary scale with each unit of change equal to about 10% of body weight. Males and females cannot be compared directly because of morphometric differences, and values from males are regularly 0.5 to 1.0 unit higher than those from females in the same sample. Although the condition index is undoubtedly an approximate measure of physiological condition, it has been shown to be a reliable index of weight loss affecting the Rottnest quokka. (ii) Experimentally deferring the initiation of the infections. In a field manipulation experiment, one half of a well-studied population was given a food supplement to see whether the initiation of the infections could be deferred by eliminating .0-E 1.0 X CD the postulated cause of the infections. The population was divided by a fence 1 month before the experiment to give the animals time to readjust their social structure, and one half was given a complete supplement of food and water. The other half served as the control. The food supplement was a commercial mix specifically formulated for quokkas. Captive breeding colonies have been maintained in good health on this diet for many years. The food and water were available to the animals continually after a preseason sampling was made. By using a population which had been trapped for some time, it was often possible to capture the same individuals repeatedly. The animals were only held long enough to obtain a fecal sample.
The fecal excretion rates are shown in Fig. 3 . It can be seen that the supplemnentary feeding almost entirely deferred the initiation of the infections for the duration of the feeding. At the end of the feeding interval, the two groups had significantly different rates of Salmonella excretion (P < 0.01, Wilcoxon rank sum test), and the test group gave values not significantly above those recorded before the change of season (P > 0.1). Only 3 weeks after the withdrawal of the food supply, the two groups were not statistically different in their rates of Salmonella excretion (P > 0.1), and after 3 months, they were decline by December. The actual food intake of the animals was not measured, but observation of the animals showed that they consumed the food supplement readily and that the food supply was sufficient to ensure that all animals had access to the food. DISCUSSION On Rottnest Island, the quokka is obviously a major source of Salmonella organisms, with a median rate of excretion of 3,000 Salmonella organisms per g of feces at the end of summer. These results account for the extensive contamination of the island by Salmonella spp. described previously (13) .
The quokka has been studied extensively with the aim of describing the summer stresses acting on the animals. Studies have included water availability (3) , nitrogen availability (25) , trace elements (2) , vitamin E deficiency (15), volatile fatty acid production (B. A. Ramsay, M.S. thesis, University of Western Australia, Perth, 1966) , heat stress (16) , and adrenocortical function (21) . These studies have usually been directed at a comparison between the winter and summer patterns. Despite these studies, there is no general agreement as to the precise nature of the summer stresses experienced by the Rottnest quokka or even to the relative importance of these possible contributing factors.
The results reported here describe a dramatic seasonal cycle of Salmonella infections. The dominant features of the seasonal cycle are the speed of the changes and the early rise in the number of Salmonella organisms at the very beginning of summer. There is a clear separation of Salmonella proliferation and weight loss (Fig. 1) . The most likely change which could permit such an abrupt increase in the number of Salmonella organisms is a breakdown of the normal defenses against an opportunistic invader such as Salmonella spp. A typical change would be the effect of a sudden shortage of readily usable carbohydrate, leading to a drop in volatile fatty acid production and a rise in the pH of the stomach contents. The low pH of the stomach contents in ruminants is well known as a defensive mechanism against potential invaders such as Salmonella typhimurium (5) , and a similar mechanism in the quokka is likely. This effect can be marked. Grau et al. (8) Physiological parameters were not measured here because the significance of any one factor is not known, but the results in Table 1 support the hypothesis that some change occurred in the stomach contents and that populations of Salmonella spp. were established there. The largest number of Salmonella organisms counted in the stomach contents was greater than 103 organisms per ml of fluid, and this suggests that the bacteria were present as an actively multiplying population and not as incidental contamination. This value is an average for the entire stomach contents, and if multiplication of the bacteria occurs, then quite high values may occur in the posterior portions of the large and saccular stomach. Similarly, the levels of fecal excretion of Salmonella spp. are consistent with actively multiplying populations of bacteria but not necessarily with a disease state. The median value of fecal excretion of Salmonella spp. rose to a maximum of approximately 3,000 Salmonella organisms per g of feces, but this represents an increasing incidence of values in the range of 103 to 105 and not an increase in the magnitude of the highest values (Fig. 2) (23) . The median value of excretion was only approximately 100 organisms per g of feces in the December sample ( Table 1) .
The very abrupt decline in the infections (Fig. 2) at the end of summer also gives support to the hypothesis that the infections are related to food intake rather than to the condition of the animals. The animals are in very poor condition at that time of the year and only regain weight slowly. The change may be caused by something as simple as a sudden increase in suitable feed.
The source of the infections is not known. Even in winter, the infection rate is rarely observed to be zero by using rectal swabs (Fig. 1) , and it must be assumed that there would be other low-level infections not detected by rectal swabs. Low-level symptomless Salmonella infections are well known in domestic animals, and a similar situation in the quokka is likely. The two isolations from gallbladders shown in Table 1 may represent latent sites of infections in those animals.
In the quokka, new infections resulting from reduced host defenses and proliferation of existing infections probably both occur. The promotion of infection by stress is well known in many animals, including numerous diseases in humans (23), food and water deprivation in mice (26) , food deprivation in cattle and sheep (7, 8) , disease and environmental stress in cattle (6) , and handling stress in pigs (28) .
It is not possible to distinguish the possible components of the seasonal stress acting on the quokka. However, the quality of diet appears to be the dominant stress because in the supplementary feeding experiment it was shown that the infections did not proliferate if adequate food and water were available. In the field situation, the possible components of the stress (shelter, water, food quality and quantity, and social stress) are probably interrelated.
There is no evidence from this study that a disease form of infection was ever observed in the field even though virtually all animals were positive throughout the summer. Shield (24) has described how mortality in the Rottnest quokka occurs primarily in late summer. On hemotological criteria, Shield found that disease was not a major factor in the summer decline. The levels of Salmonella excretion reported here are not necessarily high enough to indicate disease, although they are high enough to suggest that infections are maintained by multiplication of the bacteria within the intestinal tract. The study reported here was not designed to investigate the disease form of infection, and experience with Salmonella spp. in other hosts suggests that a disease form of infection is almost certain to occur under some conditions. From the present study, it is not clear whether the Salmonella organisms contribute in any way to the summer difficulties of the Rottnest quokka.
The results reported here are consistent with what is known of the nutrition of the quokka on Rottnest. The climate is mediterranean, with hot dry summers alternating sharply with mild wet winters. The summer is a very stressful season, with a dramatic decline in the nutritive quality of the vegetation (25) . At the end of winter, there are dramatic changes in the vegetation which are most obvious in the annual plants. Similarly the rainfall of the previous 30 days (correlation coefficient, r2 = 0.84; P < 0.001). Although Salmonella isolations from wild animals are widely reported (27) , there are few ecological studies concerned with Salmonella spp. in wild mammals. Kourany and his colleagues (17) (18) (19) (20) have studied Salmonella infections in wild animals in Panama. They found a significant reservoir of infections in these animals, including serotypes associated locally with human disease. Among the mammals, isolations were most commonly made from marsupials (opossums) and in the Panamanian dry season. They comment on the fact that the opossums are scavengers with a propensity for human-disturbed areas and that they are most active during the dry season, searching for food. They believed that these animals could serve as sources of infection for humans and domestic animals, and this was particularly so in developing areas where sanitation was poor and contact with wild animals was very close.
How et al. (10) have described an ecological study of Salmonella spp. in wild animals in the tropical north region of Australia. Interestingly, they also reported that isolations were more common from marsupials than from eutherians, but unlike Kourany et al., they found the highest incidence in the wet season. The results of How et al. have not been related to the biology of the animals.
Salmonella spp. appear to be very useful indicators of the environmental stress acting on the Rottnest quokka in summer. The infections appear at the beginning and disappear at the end of the stressful period; they are not clearly related to the effect of the stress on the animals, but they do appear to be related to the primary cause of the stress. The application of this information to management has been discussed elsewhere (14) .
